It is recognized that the proximity of a boundary can influence the dynamic behaviour of acoustically stimulated microbubbles. In a biomedical ultrasound context, this is relevant to molecular imaging with targeted microbubbles, and when microbubbles are near vessel walls or contained within microvessels. Theoretical models have recently been developed to examine these effects, but experimental work has been more limited and primarily focused on the assessment of resonant frequency effects rather than its impact on nonlinear behaviour, which is perhaps more relevant to imaging applications. Understanding this behaviour is important to improving microbubble detection and for the quantitative interpretation of contrast images. With the use of an optical trap, this study experimentally investigates the effect of boundary proximity (0 to 200 µm) and boundary stiffness (Opticell and agarose) on fundamental and subharmonic emissions from individual Definity and MicroMarker bubbles at 11 MHz. The scattered pressure dependence on proximity from an Opticell boundary resulted in an oscillatory dependence, while from an agarose boundary resulted in a decreasing fundamental and an increasing subharmonic response with increasing distance from the boundary. These experimental findings are not entirely captured by basic analytical simulations, likely suggesting that more complex numerical models may be required.
INTRODUCTION
The proximity of microbubbles to a boundary may affect their emissions, both in the context of targeted microbubble imaging or when microbubbles are present at different distances within microvessels. Simulation work has demonstrated that the presence of a planar boundary or cylindrical confinement can affect the resonance frequency of a given microbubble. The extent to which microbubble properties are affected by a boundary is thought to be dependent on microbubble size (e.g. resonant frequency relative to incident ultrasound frequency), its distance from a boundary, as well as physical boundary properties such as density and elastic moduli.
To date, however, there have been only limited experimental investigations of these effects, one reason for which is the experimental complexity of robustly controlling bubble-boundary distances. The only experimental study has been conducted at lower frequencies (< 5 MHz) at which the influence of proximity to polystyrene membranes (Opticell) on microbubble resonant frequencies was examined 1 by way of an optical trapping system 2 . In the present study, the effects of boundary proximity and boundary type on both linear (fundamental) and nonlinear (subharmonic) scattering of individual microbubbles is investigated at higher frequencies.
MATERIALS AND METHODS

Phantom Preparation and Optical-Acoustical Setup
MicroMarker (VisualSonics, Toronto, Canada) is a phospholipid encapsulated microbubble with a nitrogen/perfluorobutane gas core. Fresh vials of agent were reconstituted with saline according to manufacturer's specifications prior to each set of experiments and highly diluted in gas-equilibrated saline (1:10 6 ). Two phantoms were employed to house individual the microbubbles, differing only in physical height in order to accommodate boundaries with different thicknesses. The phantoms were similar to those used in Ref. 3, 4 . Briefly, each phantom consisted of an acrylic block with inlet and outlet ports and a 15x10x1 (15x10x0.4) mm hole in the centre of a 30x10x1 (30x10x0.8) mm channel. The top of the hole was then covered with a layer of Opticell (75µm) and sealed. The first phantom was then inverted, and a solution of 2% agarose (Sigma-Aldrich, Saint-Louis, MO) in de-ionized gas equilibrated water was poured into the hole and allowed to solidify while under a mylar-coated acrylic slab (used to flatten the boundary). At this point, both phantoms were coated with a blocking solution of 3% bovine serum albumin (BSA; Sigma-Aldrich, Saint-Louis, MO) in order to discourage bubbles from adhering to the boundary. Finally, a thin layer (≈25 μm) of mylar was sealed along the base of the phantom, resulting in a housing consisting of a 15 x 10 x 1 mm (15 x 10 x 1.2 mm) channel with an agarose (Opticell) ceiling and a mylar floor. The thickness of the agarose and Opticell layers were 1000 and 75 µm respectively, and the distance between these boundaries and the lower mylar boundary was 1000 and 1200 µm respectively. In order to optically and acoustically examine individual bubbles, the phantom was placed in a de-ionized, degassed water tank under a microscope (BXFM, Olympus, Tokyo, Japan) (see Figure 1 ). The optical and acoustical focal volumes of the microscope and transducer were overlapped by focusing on a ~40 µm glass bead (Whitehouse Scientific Ltd, Cheshire, England) placed (or glued) on the agarose (or Opticell) surface.
An optical tweezer setup was developed in order to trap microbubbles through the common microscope objective lens (LUMPLFL100XW, Olympus, Tokyo, Japan) and manipulate microbubble position with respect to a planar boundary. With individual bubbles optically trapped in the overlapping focal volume, the phantom was displaced along the optical axis of the microscope, or perpendicular to the boundary of interest, using a motorized actuator (ZST13, Thorlabs, Newton, NJ) on a linear translation stage (Series 460P, Newport, Irvine, CA). The optical traps were created by modulating the intensity profile of a 1064 nm quasi-continuous wave fiber laser (YLR-10-1064-LP, IPG Photonics, Oxford, MA) using a spatial light modulator (SLM; P512-1-64, Boulder Nonlinear Systems, Lafayette, CO). Individual bubbles were trapped in the low intensity region of a Laguerre-Gaussian mode, the characteristics of which were dynamically manipulated in real-time using feedback from a CCD camera (C 2 in Figure 1 ) (Stingray F-145B, Allied Vision Technologies, Stadtroda, Germany) and software controlling the SLM (LabRyx, Arryx, Chicago, IL). While a dichroic mirror was used to reflect λ = 1064 nm and transmit visible wavelengths, some stray 1064 nm light was able to be transmitted due to incidence angle and polarization. Thus, an infrared filter was placed in front of the CMOS camera (C 1 in Figure 1 ) (APX-RS, Photron, Tokyo, Japan) responsible for optical measurements of the bubble under investigation.
A piezo-composite transducer (f# = 1.5, Valpey-Fisher, center frequency of 5 MHz) was placed at an angle of 40 degrees to the phantom from below. The transducer was driven at 11 MHz with either a 10% Gaussian enveloped pulses (0 and 180 degrees) or a 15-cycle tapered rectangular pulse (0 and 180 degrees) at a PRF of 1 kHz, as in Ref.
3. The pulses were generated with an arbitrary waveform generator (Tabor Electronics Ltd, Tel Hanan, Israel) and amplified by a gated 57 dB RF amplifier (model KSS402IP 1-50 MHz, AR Worldwide, Souderton, PA, USA). The scattered pressure was received, amplified by 59 dB (model AU-1447-BNC Miteq, Hauppauge, NY, USA), and band-pass filtered (5th order Butterworth filters, 2-30 MHz) before being digitized (400 MHz sampling frequency, Agilent Technologies Inc., Palo Alto, CA, USA) for further processing. Pulses were sent over a peak negative pressure (P n ) range of 20-80 kPa as calibrated by a 40 µm needle tip hydrophone (HPM04/1 Precision Acoustics, Dorchester, UK).
The experimental apparatus ( Figure 1 ) and protocol were similar to that employed in Helfield et al. 3 , and as noted in that study, the effective error on bubble sizing was taken to be 0.09 µm. 
Acoustic Interrogation Procedure and Data Analysis
Isolated, individual bubbles were allowed to lay adjacent to the boundary (h=0 µm). An optical image and the scattered pressure from each bubble were then recorded. The optical tweezers were then turned on in order to trap the bubble, and the boundary was subsequently moved in 10 µm increments. At each increment, the bubble was acoustically interrogated and an optical image was recorded in order to verify whether bubble size change or shape distortion occurred. During each ultrasound interrogation (≈ 1.5 μs), the laser was triggered off for 75 µs in order to eliminate any effects of the trapping forces on the bubble oscillations and subsequent far-field pressure emissions. The PRF of the laser triggering was sufficient to re-trap the bubble before any significant flotation. In addition, due to the real-time nature of optical trap manipulation, slight adjustments in trap shape and depth were made before each insonication when necessary. The maximum offset distance (distance between planar boundary and bubble) varied from 50 µm to 150 µm depending on bubble size and trap stability. After reaching this maximum offset distance, the bubble was then brought back to the boundary surface and re-interrogated in order to ensure that any changes in bubble response were due to boundary proximity and not to any intrinsic differences in bubble properties. The bubble was then disrupted using a high pressure pulse (≈ 1.5 MPa) and the background signal was recorded at each depth and at each transmit pressure. Microbubbles that changed size or shape, or did not exhibit a similar acoustic response at the boundary both before and after the offset distance sequence were discarded from data analysis.
The received signal as a function of transmit pressure and boundary depth was recorded and converted into scattered pressure by correcting for the frequency-dependent response of the transducer and receive circuitry 5 . The scattered pressure was then analyzed in the frequency-domain, where the integrated pressure over a 1 MHz bandwidth in the fundamental (11 MHz) and subharmonic (5.5 MHz) band were determined.
Simulations
Simulations were employed in order to gain physical insight into the effects of boundary proximity on far-field scattered pressure. Two types of models were employed: The model from Doinikov et al. 6 (DM) and the Leighton model 7 (LM), the schematics of which are shown in Figure 2 . Briefly, both models incorporate the "method of images" that attempts to capture the salient physics of a bubble-boundary system by replacing boundaries with an "image" bubble -a fictitious bubble that oscillates with an amplitude and phase such that all boundary conditions are satisfied. The DM simulates an encapsulated bubble placed in the vicinity of a layer of known thickness t, density ρ and Poisson's ratio ν. The LM is a more simplistic model, modeling the bubble as a continuous-wave point source in the vicinity of a layer with a known reflection coefficient R, and predicts the far field scattered pressure viewed at angle φ. For more details on these models, the reader is referred to the aforementioned references. Figure 3 shows a representative example of the fundamental scattered pressure from a 2.7 µm bubble at 69 kPa as a function of Opticell boundary. The scattered pressure as a function of Opticell proximity results in an oscillatory pattern with a maximum at 70 µm. Application of the LM simulation with a fixed viewing angle of 36° (position of transducer) and a fitted complex reflection coefficient of 0.16 0.1π yields reasonable agreement with the fundamental response. Using reported values in the literature 6, 8 , the magnitude of the reflection coefficient for an Opticell layer (assuming an incident plane wave at normal incidence) can be determined to be from 0.11-0.15, consistent with the fitted parameter obtained in this study.
RESULTS AND DISCUSSION
FIGURE 3.
Relative fundamental scattered pressure (normalized to the value at h = 0 µm) from a 2.7 µm bubble at 69 kPa as a function of distance from an Opticell boundary. Overlaid and denoted by squares is the prediction using the LM simulation with R=0.16e j(0.1π) kg/m 3 , φ=36°.
From an interference pattern perspective, it is interesting to note that a distance of 70 µm between bubble and boundary (equivalently 140 μm between bubble and "image" bubble) corresponds to approximately λ f /2 (or λ f between both bubbles) where λ f =136 µm is the wavelength of an ultrasound pulse in water at 11 MHz; that is to say results in constructive interference. The wavelength of this oscillatory response increases with decreasing transmit frequency (data not shown). In Overvelde et al. 1 , a study that investigated the effect of Opticell boundary on resonance frequency of an individual bubble, transmit frequencies between 1-5 MHz were employed. As such, if interference patterns are considered, constructive interference would likely occur at λ/2; 150-750 µm from the boundary. The maximum offset distance used in that study was 200 µm, a potential reason why this oscillatory phenomenon was not observed in their study. Figure 4 illustrates a representative example of the scattered pressure from an individual 2.8 µm bubble in the (a) fundamental and (b) subharmonic frequency band as a function of agarose boundary proximity. The fundamental response decreases up to 10% of its response at the boundary while the subharmonic response increases up to approximately 100% of its initial value. The DM simulation is overlaid on this plot, with ρ=1060 kg/m 3 and ν=0.48, and with bubble shell properties that were determined from an individual microbubble acoustic spectroscopy study 9 . The trend of the DM simulations is in agreement with the data; however it systematically underestimates the magnitude of the response, most notably in the subharmonic band. It should be noted here that the above examples are representative. For the Opticell boundary (n=15), 100% of the bubbles interrogated were characterized by an oscillatory fundamental pattern with increasing boundary distance. For the agarose boundary (n=41), the responses were slightly more heterogeneous. The fundamental response as a function of increasing distance was shown to decrease (42%), increase (2%), exhibit no dependence (17%) or was difficult to categorize (39%). The subharmonic response (when present) was characterized by 50%, 10%, 25% and 15% respectively (n=20).
